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SECTION  I 


INTRODUCTION 

Facilities  designed  to  test  the  ablation  response  of 
various  materials  have  been  the  subject  of  continuing  re- 
search. Recently,  however,  there  has  been  Increased 
interest  in  erosion  by  hypervelocity  impact  within  a high 
temperature  environment.  For  example,  both  erosion  and 
ablation  may  occur  as  a missile  encounters  a cloud  of  solid 
or  liquid  particles  at  hypersonic  velocities.  Such  multi- 
component  clouds  could  contain  particles  with  diameters  up 
to  500  pm.  Impact  of  the  particles  on  the  vehicle  surface 
removes  surface  material  through  a complex  thermo-mechanical 
process  and  increases  the  overall  heat  transfer  rates. 

Various  facilities  have  been  constructed  to  simulate 
certain  aspects  of  hypersonic  erosion.  Among  the  most  not- 
able are  the  AEDC  Dust  Erosion  Tunnel  (AEDC  DET)(1),  and  the 
Boeing  Hypersonic  Wind  Tunnel  (BHWT)(2).  Both  of  these 
facilities  operate  with  relatively  low  reservoir  enthalpies 
so  that  the  ablative  character  of  the  hypersonic  environment 
cannot  be  simulated  in  the  presence  of  erosion.  Recently, 
however,  as  an  outgrowth  of  the  RHEA  studies^3),  a facility 
configuration  employing  dynamic  interaction  of  solid  parti- 
cles and  light  gas  flows(^)  has  been  investigated  as  a 
possible  technique  for  supplying  a combined  erosion-ablation 
environment . 

The  purpose  of  the  present  studies  was  to  examine  in  de- 
tail the  geometrical  and  fluid  mechanical  mechanisms  import- 
ant in  the  acceleration  of  solid  particles  to  high  veloci- 
ties within  a high  enthalpy  gas  stream.  The  particle  velo- 
city - total  enthalpy  envelope  investigated  is  shown  in 
Figure  1.  The  high  enthalpy  gas  streams  were  provided  by  a 
hydrogen-air  combustor  connected  to  a particle  injection 
chamber  and  a conical  convergent-divergent  exhaust  nozzle 
with  a low  expansion  angle.  Detailed  theoretical  analyses 
were  conducted  to  determine  the  nozzle  configuration  and 
gas  conditions  which  maximize  the  particle  velocities  at  the 
nozzle  exit.  Particular  emphases  was  placed  on  developing 
a particle  injection  system  which  allowed  accurate  control 
of  the  particle  injection  rate. 

The  particle  axial  velocity  and  size  distributions  were 
examined  with  a real-fringe  laser  doppler  velocimeter.  Be- 
cause of  the  high  particle  velocities  and  low  particle  con- 
centrations, conventional  frequency  tracking  techniques  for 
determining  particle  velocity  could  not  be  used.  Instead, 
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FIGURE  1.  PARTICLE  VELOCITY-TOTAL  ENTHALPY  ENVELOPE 
FOR  PRESENT  MULTICOMPONENT  STUDY. 


a digital  signal  processor  was  designed  and  assembled  to 
allow  measurement  of  doppler  frequencies  up  to  90  MHz.  The 
signal  processor  was  interfaced  to  a high  speed  digital  com- 
puter to  provide  real-time  analyses  of  the  particle  velo- 
city. 


Detailed  discussions  of  the  theoretical  and  experi- 
mental analyses  are  included  in  the  following  sections. 


SECTION  II 


TWO-PHASE  NOZZLE  FLOW  THEORETICAL  ANALYSES 
A.  OVERALL  SYSTEM  ANALYSIS 

A theoretical  analysis  was  conducted  to  determine  the 
effects  of  such  factors  as  nozzle  geometry,  gas  flow  thermo- 
dynamic properties  and  coupling  between  the  gaseous  and  parti- 
culate flows  on  the  particle  velocities  at  the  exit  of  a 
convergent-divergent  nozzle.  A computer  program  previously 
developed (5 , 6 ) ^as  employed  to  solve  the  coupled  one-dimen- 
sional two-component  flow  equations^7)  in  the  following  form: 


In  equation  (1),  fp  is  defined  as 

f = ^ 

^ ^^stokes 


where  Cp  is  the  drag  coefficient  of  the  particles  and 
is  the  drag  coefficient  in  Stokes  flow.  The  sphere  drag 


coefficient  correlation  developed  earlier  by  Korkan  et  al.^^^ 
was  used.  The  correlation  fits  the  available  experimental 
data  within  + 15^  over  a wide  range  of  slip  Mach  numbers 
(0.1  to  7.0)  and  Reynolds  numbers  (4.9  to  7.7  x loM  and  in- 
cludes the  effects  of  varying  particle  temperature. 

The  term  fg  in  equation  (2)  is  given  by 


S Nu  . , 

^stokes 

and  is  given  by  Carlson  and  Hoglund^®^  as 


2 + 0.459  Re°-^^ 

1 + 3.42(M/Re)(2  + 0.459  ReO-55) 


(6) 


Equations  (i)  - (6)  were  solved  numerically  with  a 

digital  computer  program  described  in  detail  in  Ref.  5.  A 
number  of  numerical  experiments  were  performed  with  the  com- 
puter program  to  investigate  the  particle  velocities  which 
could  be  expected  at  the  exit  of  a convergent-divergent 
nozzle.  The  computations  were  conducted  for  two  types  of 
facility  heating  systems:  (1)  an  electrical  resistance 
heater  operating  with  air  delivering  a maximum  reservoir 
temperature  of  2600°R  and  (2)  a gas  combustor  operating  with 
a variety  of  reactants. 

The  electrical  resistance  heater  is  considerably  simpler 
than  the  combustor  system  but  does  not  supply  the  high  re- 
servoir temperatures  available  with  the  combustor.  Previous 
studies ^ ° ^ indicated  that  addition  of  helium  to  an  air  flow 
will  increase  the  maximum  velocity  appreciably,  but  requires 
considerably  more  electrical  power  at  a given  reservoir 
temperature . 

A series  of  calculations  was  performed  with  various  mix- 
tures of  helium  and  air  for  a number  of  conical  nozzle  ex- 
pansion half  angles  and  nozzle  throat  sizes.  Silicon  dio- 
xide particles  with  a diameter  of  100  pm  were  assumed  to  be 
injected  into  the  subsonic  region  of  the  nozzle  and  all  cal- 
culations were  conducted  for  a reservoir  pressure  and  tem- 
perature of  2500  psia  and  2600°R,  respectively.  The  particle 
velocity  for  various  nozzle  exit  area  ratios  are  shown  in 
Figure  2 as  functions  of  the  parameter  tan  t/R*. 

It  is  evident  that  the  particle  velocity  is  maximized 
by  decreasing  the  value  of  tan  t/R*.  This  is  accomplished 
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FIGURE  2.  CORRELATION  OP  100  ym  SIO2  PARTICLE  VELOCITIES  AT  FIXED  A/A»  LOCATIONS 
FOR  VARIOUS  NOZZLE  HALF  ANGLES  AND  THROAT  RADII  (a  = 0,1.0) 


by  either  decreasing  the  nozzle  half  angle  (c)  or  increasing 
the  throat  radius  (R*).  At  a fixed  area  ratio,  decreasing 
tan  c/R*  Increases  the  particle  resident  time  in  the  flow 
field  and  leads  to  a more  gradual  acceleration  of  the  parti- 
cles. Hence,  decreasing  tan  c/R*  allows  the  particles  more 
time  to  respond  to  the  gas  velocity  Increases. 

With  air,  the  maximum  particle  velocity  is  approximately 
5000  ft/sec  while  with  helium  velocities  near  9000  ft/sec  can 
be  achieved.  The  results  also  indicate  that  only  small  in- 
creases in  particle  velocity  result  from  Increasing  the 
nozzle  area  ratio  above  approximately  25.  Finally,  at  a 
fixed  nozzle  geometry,  addition  of  helium  beyond  a helium 
mass  fraction  of  0.6  leads  to  little  additional  increases  in 
particle  velocity.  Note,  however,  that  a helium  mass  frac- 
tion of  0.6  corresponds  to  a mole  fraction  of  0.92  so  that 
the  nozzle  flow  is  nearly  pure  helium  at  this  mass  fraction. 

Comparable  calculations  were  performed  for  a combustion 
heated  facility.  Stoichiometric  mixtures  of  hydrogen  and 
air,  methane  and  air,  and  hydrogen  and  oxygen  at  a reservoir 
pressure  of  2500  psia  were  investigated.  Adiabatic  flame 
temperatures  were  calculated  with  a modification  of  the  com- 
puter program  described  in  Ref.  10.  The  maximum  thermo- 
dynamic velocities  obtained  with  these  combustion  systems 
with  varying  amounts  of  helium  addition  are  shown  in  Figure 
3.  The  maximum  thermodynamic  velocity  is  given  by  /2H^  and 
is  a measure  of  the  maximum  particle  velocity  which  could  be 
expected  regardless  of  the  nozzle  configuration . For  a per- 
fect gas,  it  can  be  expressed  as  //2yR  m \ 

(TnDrn  o 

From  Figure  3 it  can  be  seen  that  little  is  gained  by 
adding  helium  in  a combustion  heated  flow.  The  velocity  in- 
crease due  to  the  decrease  in  gas  molecular  weight  resulting 
from  helium  addition  is  offset  by  the  decrease  in  adiabatic 
flame  temperature  (Tq). 

Particle  velocities  near  8000  ft/sec  were  considered 
adequate  in  these  studies  and  can  be  obtained  with  H2-air 
combustion  if  a high  velocity  recovery  can  be  achieved. 

While  H2-O2  and  CHi4-02  combustion  systems  will  yield  much 
higher  velocities,  the  added  complexity  of  handling  high 
pressure  (2500  psi)  oxygen  at  high  flow  rates  was  not  war- 
rented.  Hence,  the  H2-air  system  was  selected  for  further 
study . 


7 


C\j 

O CO 

^ C\J 

o 

GO 

f\J 

CVJ  rH 

rH 

rH  rH 

(H 

(O0S/^J  £_0I  X ^n) 

OOI0A 

o'[UJBuy?poiua0qj, 

lunujpxBW 

8 

B.  NOZZLE  DESIGN 


As  discussed  in  the  previous  section,  maximum  particle 
velocities  are  obtained  in  a convergent-divergent  nozzle  by 
minimizing  the  parameter  tan  c/R*.  While  the  nozzle  half- 
angle should  be  minimized,  the  nozzle  boundary  layer  should 
not  be  allowed  to  fill  the  entire  flow  field.  Hence,  an 
analysis  of  the  boundary  layer  thickness  distribution  within 
the  nozzle  and  its  effects  on  the  overall  flow  field  was 
conducted.  The  empirical  correlation  developed  by  Lee^H) 
for  the  boundary  layer  displacement  thickness  in  the  form 


6*  .0064 


(7) 


was  used  and  the  effects  of  displacement  interaction  on  the 
flow  field  were  included. 


The  minimum  reservoir  pressure  of  interest  was  600  psia 
at  an  H2-air  adiabatic  flame  temperature  of  3l60°R.  With  a 
geometric  nozzle  area  ratio  of  20  and  a throat  diameter  of 
0.10  inches,  the  nozzle  boundary  layer  will  Just  fill  the 
nozzle  at  the  exit  when  the  nozzle  expansion  half-angle  is 
0.50°.  This  gives  an  effective  Inviscid  flow  half  angle  of 
0.25°,  an  effective  area  ratio  of  I6,  a value  of  tan  c/R*  of 
.087  and  a nozzle  length  (throat  to  exit)  of  2.9  feet. 


C.  PARTICLE  SIZE  EFFECTS 

Any  commercially  available  solid  particle  will  contain 
particles  with  various  diameters.  The  particle  velocity  dis- 
tribution at  the  nozzle  exit  will  depend  upon  the  range  of 
particle  sizes  injected  into  the  flow.  A sample  of  silica 
dioxide  known  as  Silica  Gel  (Grace  Chemical  Corp . ) was 
analyzed  to  determine  the  distribution  of  particle  sizes  in 
a sample  with  a nominal  particle  diameter  of  100  gm.  The 
results  are  shown  in  Figure  4 in  terms  of  particle  volume 
and  mass  distribution.  It  can  be  seen  that  the  particle 
diameters  of  the  sample  range  from  20  to  100  pm  with  an 
average  particle  diameter  of  80  pm. 

The  variation  in  particle  size  will  lead  to  variations 
in  the  particle  velocities  at  the  nozzle  exit.  The  particle 
diameter  distribution  of  Figure  4 was  used  to  compute  a 
velocity  distribution  at  the  low  pressure  design  conditions 
of  600  psia  at  a reservoir  temperature  of  3l60°R  accounted 
for  the  presence  of  the  nozzle  boundary  layer.  The  results 
of  these  studies  are  given  in  Figure  5,  displayed  as  a velo- 
city histogram.  As  expected,  the  smallest  particles  have 
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Particle  Velocity  (upxlO"^  fi/sec) 


Particle  Diameter  (Microns) 


FIGURE  5.  THEORETICAL  PARTICLE  VELOCITY  FOR  Si02  SAMPLE  AT 
NOZZLE  EXIT  ON  CENTERLINE  (L  = 2.86  ft,  X = o) 
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the  highest  velocity  and  the  particle  velocity  recovery  var- 
ies from  approximately  58  to  75i2  of  the  gaseous  velocity. 

The  particle  temperature  history  through  the  flow  field 
is  also  of  interest  since  ablation  of  the  Injected  particles 
should  not  occur.  Particle  temperature  distributions  for 
three  particle  diameters  are  shown  in  Figure  6. 

As  can  be  noted,  the  theory  predicts  a maximum  in  par- 
ticle temperature,  which  is  reached  before  the  particle  pas- 
ses out  of  the  nozzle.  This  is  the  direct  result  of  the  bal- 
ance between  the  heat  transfer  resulting  from  the  differences 
in  the  gaseous  and  particle  velocities  and  the  decreases  in 
gas  temperature  due  to  the  expansion.  The  location  of  the 
temperature  maximum  as  well  as  the  magnitude  of  the  particle 
temperature  are  strong  functions  of  the  particle  diameter. 
Calculations  were  also  performed  to  determine  the  distribu- 
tion of  particle  temperatures  at  the  nozzle  exit  due  to  the 
variation  in  the  particle  size.  Figure  7 gives  the  result- 
ing particle  temperature  histogram.  The  maximum  particle 
temperature  occurs  for  the  30  urn  particle  and  is  approxi- 
mately 1700°R.  Since  the  melting  point  of  silicone  deoxide 
is  3870°R,  the  particle  temperatures  are  all  well  below  that 
necessary  to  cause  loss  of  the  particles  by  melting. 

D.  COUPLED/UNCOUPLED  THEORETICAL  ANALYSES 

The  numerical  calculations  described  in  the  previous 
Sections  were  for  the  uncoupled  flow  situation  (X=0),  l.e., 
where  the  gas  affects  the  particles  but  the  particles  do  not 
affect  the  gas.  In  the  present  study,  particle  loadings  on 
the  order  of  1Q%  were  anticipated,  and  a theoretical  inves- 
tigation was  conducted  to  determine  the  effect  of  a finite 
A on  the  parameters  of  interest.  Consideration  of  X greater 
than  zero  results  in  a coupled  flow  situation  where  the  gas 
affects  the  particles  and  the  particles  affect  the  gas. 

With  the  two-phase  computer  program  previously  des- 
cribed, numerical  calculations  were  performed  for  a reser- 
voir temperature  and  pressure  of  3l60°R  and  6OO  psla,  res- 
pectively, with  X values  up  to  O.15.  Values  of  coupled  to 
uncoupled  particle  velocity  ratio  are  given  in  Figure  8.  It 
can  be  seen  that  the  effect  of  a finite  value  of  X is  to  de- 
crease the  predicted  particle  velocity.  Further,  the  results 
indicate  that  as  the  particle  diameter  is  Increased  from 
20.2  pm  to  32.0  pm,  the  effect  of  X becomes  more  severe. 

That  is,  at  a X of  0.15  for  a particle  diameter  of  32.0  pm, 
the  particle  velocity  would  be  over-predicted  by  approxi- 
mately with  the  uncoupled  flow  solution.  However,  as  the 
particle  diameter  Increases  above  32.0  pm,  the  effect  of  X 
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THEORETICAL  PARTICLE  TEMPERATURES  FOR  Si02  SAMPLE 
AT  NOZZLE  EXIT  ON  CENTERLINE  (L  = 2.86  ft,  X = o) 
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FIGURE  8. 


COUPLED  TO  UNCOUPLED  PARTICLE  VELOCITY  RATIO  AS 
FUNCTION  OF  PARTICLE  LOADING  FOR  SIO2  SAMPLE  AT 
NOZZLE  EXIT  ON  CENTERLINE  (L  = 2.86  ft). 


is  diminished.  For  particle  diameters  on  the  order  of  128.0 
ym,  there  is  very  little  difference  between  the  coupled  and 
uncoupled  velocities. 

Values  of  the  coupled  to  uncoupled  particle  tempera- 
ture ratio  are  shown  in  Figure  9.  For  particles  with  a dia- 
meter of  20.2  ym,  the  coupled  flow  solution  predicts  a lower 
temperature  than  obtained  with  uncoupled  techniques.  How- 
ever, as  the  particle  diameter  increases,  the  ratio  of  cou- 
pled and  uncoupled  particle  temperatures  Increases. 

The  ratios  of  the  maximum  particles  temperatures  ob- 
tained from  the  coupled  and  uncoupled  solutions  are  shown 
in  Figure  10.  For  all  particle  diameters  studied,  the  cou- 
pled solution  indicates  higher  maximum  particle  temperatures 
than  would  be  predicted  by  the  uncoupled  calculations. 
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Coupled  to  Uncoupled  Particle  Temperature  Ratio  (Tp/Tj 


FIGURE  9.  COUPLED  TO  UNCOUPLED  PARTICLE  TEMPERATURE  RATIO 
AS  FUNCTION  OF  PARTICLE  LOADING  FOR  SIO2  SAMPLE 
AT  NOZZLE  EXIT  ON  CENTERLINE  (L  = 2 . 8'6  ft). 
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SECTION  III 


PARTICLE  INJECTION  SYSTEMS 

A.  REVIEW  OF  PARTICLE  INJECTION  SYSTEMS 

In  dealing  with  multicomponent  flows,  the  Injection  of 
particles  into  a flowing  stream  with  good  control  of  the 
particle  flow  rate  is  a formidable  problem.  Various  tech- 
niques have  been  devised  which  apply  in  different  particle 
flow  rate  ranges.  However,  in  the  present  study,  the  par- 
ticles must  be  injected  into  a high  enthalpy  stream  and  par- 
ticles with  relatively  large  diameters  must  be  employed.  A 
review  of  particle  injection  techniques  is  given  in  Ref.  12 
and  several  of  these  techniques  are  discussed  below. 

The  simplest  particle  injection  system  consists  of  a 
conical  hopper  where  a pressure  differential  is  created  by 
reducing  the  pressure  in  the  feed  tube  with  a venturi.  It 
is  recommended  that  the  angle  of  the  side  walls  be  equal  to 
or  greater  than  the  angle  of  repose  for  the  particles  and  an 
agitator  should  be  used  to  reduce  clogging.  However,  the 
venturi  limits  the  pressure  ratio  available  across  the  par- 
ticle supply  tank. 

A lead  screw  which  carries  the  particles  from  the  con- 
tainer to  the  feed  tube  can  be  used  to  Increase  the  control- 
lability of  the  particle  flow  rates.  The  conical  hopper  in 
this  device  is  pressurized  and  the  particle  feed  rate  can  be 
controlled  by  the  particle  container  pressure  ratio  and  the 
speed  of  the  lead  screw.  However,  rotating  seals  for  the 
lead  screw  must  be  used  and  can  cause  difficulties  in  a high 
enthalpy  test  facility. 

The  vortex  pump  has  been  used  extensively  to  transfer 
powder  to  and  from  vortex  chambers.  It  consists  of  a cylin- 
drical chamber  with  air  injected  tangentially  which  creates 
a vortex.  In  this  device,  the  particle  flow  rates  can  be 
controlled  by  the  air  pressure  driving  the  vortex.  However, 
the  complexity  of  the  system  is  a major  drawback.  The  de- 
sign must  be  optimized  for  a given  particle  size  to  achieve 
maximum  pumping  efficiency. 

B.  BENCH-TOP  PARTICLE  INJECTION  FACILITY 

A bench-top  particle  injection  facility  for  testing  var- 
ious particle  injection  techniques  was  assembled.  Various 
particle  injector  methods  were  tested  with  the  intent  of  de- 
veloping a technique  suitable  for  use  with  an  erosion- 
ablation  test  facility  with  particle  flow  rates  up  to  10%  of 
the  facility  mass  flow  rate. 
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The  bench-top  facility  Is  shown  In  Figures  11  and  12. 

It  consists  of  a conical  nozzle  with  an  exit  Mach  number  of 
approximately  3.6  (A/A*  'v<7.3)  exhausting  as  a free  jet.  A 
Barton  pressure  differential  gauge  was  Installed  to  accur- 
ately measure  the  difference  in  the  total  pressure  of  the 
facility  and  that  of  the  particle  container.  The  flow  of 
particles  was  regulated  by  the  differential  pressure  supplied 
to  the  particle  container  and  an  orifice  located  in  the  feed 
tube.  . Various  orifice  sizes  were  used  and  it  was  found  that 
the  orifice  size  controls  the  sensitivity  of  the  particle 
mass  flow  rate  to  the  applied  pressure  differential.  While 
small  orifices  were  subject  to  clogging,  the  particle  flow 
through  large  orifices  was  less  controllable.  Orifice  sizes 
from  0.1  to  0.25  inches  were  found  to  be  optimum  for  the 
particle  size  range  of  Interest  here. 

Laser  scattering  techniques  were  employed  to  measure 
the  time  history  of  the  particle  flow  through  a point  on 
the  free  jet  centerline  one  inch  downstream  of  the  nozzle 
exit  plane.  A 3 raw  helium-neon  laser  was  projected  across 
the  free  jet  and  the  scattered  light  from  the  particles  was 
collected  and  measured  with  a 1P28A  photomultiplier  tube. 

The  signal  was  precunpllfled  and  sent  to  an  A/D  converter 
where  it  was  digitally  sampled  and  displayed  in  real  time  on 
a cathode  ray  tube. 

To  obtain  the  particle  mass  flow  rates,  the  variation 
of  the  weight  of  particle  container  with  time  was  measured 
with  the  Instrumentation  system  shown  schematically  in  Fig- 
ure 13*  The  mass  of  the  container  and  particles  was  moni- 
tored by  a strain  gage  arrangement  placed  on  a thin  wafer 
attached  to  a cantilever  beam.  To  reduce  beam  vibrations, 
a small  oil  dashpot  was  attached  to  the  end  of  the  beam. 

The  signal  was  conditioned  with  a portable  Consolidated 
Engineering  Corporation  Type  8-108  unit,  preamplified,  and 
digitized. 

C.  RESULTS  AND  ANALYSIS 

Because  of  the  success  achieved  on  a previous  study  (3) 
with  a fluidized  bed  particle  feed  system,  this  was  the  first 
injector  to  be  tested  on  the  bench-top  facility.  The  test 
configuration.  Identical  to  that  of  Reference  3>  is  shown 
schematically  in  Figure  lA.  The  variation  of  scattered  laser 
light  versus  time  is  shown  in  Figure  15.  The  fluidized  bed 
Injector  typically  exhibits  a large  initial  burst  of  particles, 
followed  by  a severe  drop  in  particle  mass  flow  rate  to  con- 
stant level  which  persists  until  the  supply  of  particles  is 
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FIGURE  11.  SCHEMATIC  OF  BENCH  TOP  PARTICLE  FEED  SYSTEM. 


FIGURE  12,  PARTICLE  INJECTION  BENCH  TOP  FACILITY 
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depleted.  Initially  the  particles  are  ejected  in  bulk  from 
the  container  until  the  air  has  sufficiently  mixed  with  the 
particles  and  the  bed  becomes  fully  fluidized.  For  a short 
time  the  particle  mass  flow  rate  is  constant  as  the  mixture 
level  drops.  As  more  particles  leave  the  container,  the  con- 
centration of  particles  in  the  container  decreases  and  the 
particle  mass  flow  rate  decreases  rapidly.  The  difference 
in  the  performance  of  the  injector  in  this  study  and  that  of 
Reference  5 appears  to  be  due  to  the  differences  in  particle 
size.  The  average  particle  size  of  this  experiment  was  ap- 
proximately 80  ym  whereas  in  Reference  5 the  fluidized  bed 
concept  worked  well  when  the  particle  size  was  on  the  order 

of  1 ym.  , 

A pressurized  tank  system  consisting  of  a cylinderical 
tank  attached  to  a conical  hopper  was  tested.  A normalized 

scattered  light  Intensity  versus  time  plot  for  this  device  ' 

is  shown  in  Figure  16 . A nearly  constant  particle  feed  rate 

was  maintained  for  approximately  two  seconds.  Increasing 

the  volume  of  the  particle  container  by  a factor  of  four 

increased  the  time  of  uniform  particle  flow  to  approximately 

six  seconds.  However,  numerous  clogs  and  bursts  in  particle 

feed  rate  were  experienced  with  this  device. 

To  reduce  the  clogs  and  bursts  obtained  with  the  dry 
feed  particle  injectors,  a slurry  of  an  appropriate  fluid 
and  particles  was  employed.  The  scattered  light  intensity 
variation  with  time  for  a mixture  of  two  parts  particles  to 
three  parts  of  water  by  volume  is  shown  in  Figure  17.  A con- 
stant particle  feed  rate  is  apparent  for  a time  period  of 
22  seconds.  The  corresponding  container  weight  variation 
versus  time  is  shown  in  Figure  18.  As  can  be  seen,  the 
weight  varied  linearly  with  time  with  a mass  flow  rate  of 
slurry  equal  to  93gni/sec,  for  the  associated  pressure  dif- 
ferential of  110  inches  of  H2O. 

To  examine  the  degree  of  repeatability  and  controllabil- 
ity, a series  of  tests  using  a 0.108-lnch  orifice  in  the  par- 
ticle feed  tube  was  conducted  for  various  values  of  pressure 
differential  for  both  the  1/1  and  3/2  water/particle  mixture 
ratios.  The  resulting  mass  flow  rates  of  the  slurries  are 
shown  in  Figure  19  as  functions  of  the  pressure  differential 
across  the  particle  container.  For  comparison,  pure  water 
was  also  used  to  determine  a baseline  to  which  the  other 
mixture  ratios  could  be  compared.  The  results  shown  in  Fig- 
ure 19  indicate  that  the  mass  flow  rate  of  the  slurry  can  be 
predicted  for  any  preselected  pressure  differential. 

The  only  significant  problem  encountered  with  the  slur- 
ries was  associated  with  settling  of  the  particles  within 
the  container.  To  eliminate  settling,  the  particle  Injector 
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FIGURE  19.  MASS  PLOW  RATE  OP  H2O  AND  H2  O/ PARTICLE  MIXTURES 
AS  A FUNCTION  OF  PRESSURE  DIFFERENTIAL  BETWEEN 
PARTICLE  CONTAINER  AND  FACILITY  (0,108  in  ORIFICE). 


30 


was  modified  by  the  addition  of  a motor  equipped  with  a shaft 
and  propeller.  During  operation,  the  motor  and  propeller 
were  run  continuously  at  1000  RPM  in  the  particle  container 
to  keep  the  particle  suspended  in  the  liquid.  This  modifi- 
cation to  the  particle  injector  added  considerable  mass  to 
the  system  and  required  a counterbalance  to  maintain  the  re- 
quired sensitivity  of  the  strain  gage-cantilever  beam  con- 
figuration. Operation  of  the  motor  introduced  additional 
vibrations  into  the  system,  reducing  the  signal  to  noise 
ratio  in  the  mass-measuring  instrumentation  system.  How- 
ever, as  shown  in  Figure  20,  the  weight  variation  as  a func- 
tion of  time  indicates  sufficient  sensitivity  with  an  easily 
defined  slope  of  mass  versus  time.  The  components  of  the 
particle  injector  are  shown  in  Figure  21  and  the  system  is 
shown  assembled  in  the  bench-top  facility  in  Figure  22. 

The  results  indicate  that  the  use  of  a slurry  consist- 
ing of  SIO2  particles  and  H2O  in  a volume  ratio  of  1/1  with- 
in a pressurized  particle  container  equipped  with  an  orifice 
and  mixer  results  in  a particle  injection  system  with  well 
controlled  particle  flow  rates.  Experimental  correlations 
have  been  determined  to  give  the  particle  mass  flow  rate  as 
a function  of  pressure  differential  which  can  be  applied  to 
other  facilities. 

Although  H2O  was  used  as  the  fluid,  any  appropriate  li- 
quid could  be  used  to  create  the  necessary  suspension  as 
long  as  the  particles  are  not  soluble  in  the  fluid.  When 
mixed  properly,  there  was  no  evidence  of  coagulation  and 
there  did  not  appear  to  be  any  effects  on  the  particle  size 
distribution.  It  may  be  noted  that  when  a slurry  is  used 
in  a facility  such  as  an  erosion-ablation  test  configuration 
where  relatively  high  gas  temperatures  are  experienced,  the 
fluid  probably  evaporated,  releasing  the  particles  to  the 
main  stream  early  in  the  expansion  process. 


FIGURE  22.  MODIFIED  PARTICLE  INJECTOR  INSTALLED  ON 
BENCH  TOP  FACILITY. 
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SECTION  IV 


EROSION-ABLATION  TEST  FACILITY 


A combustion-heated  wind  tunnel  system  was  assembled  to 
provide  high  temperature,  high  pressure  gases  into  which  sol- 
id particles  are  injected  and  accelerated  to  hypersonic 
speeds.  The  facility  is  shown  in  Figures  23-2^  and  consists 
of  a hydrogen-air  combustor,  a low-expansion  angle  nozzle 
exhausting  to  a free-jet  test  cabin,  a diffuser,  and  a two- 
stage  air  ejector  pumping  system.  The  mass  flow  rate  of 
each  supply  gas  is  determined  by  measuring  the  pressure 
drop  across  a calibrated  orifice.  The  facility  is  located 
in  a test  pit  and  is  controlled  remotely. 

The  expansion  nozzle  has  an  exit  half  angle  of  0.50°,  a 
throat  diameter  of  0.10  inch,  and  a throat-to-exlt  length 
of  2.86  feet.  It  was  constructed  of  nickel  using  electro- 
forming techniques.  A separate  throat  section  is  employed 
and  is  connected  to  the  electroformed  expansion  section  with 
a collar  arrangement.  A simple  water  bath  is  used  to  cool 
the  expansion  section.  The  nozzle  is  shown  in  Figure  25. 

The  particle  injection  system  is  shown  in  Figures  26- 
27.  Pressurization  of  the  particle  container  is  controlled 
by  a dome  loader  and  a solenoid  valve  located  in  the  main 
line.  A Whitey  Model  133  SR  ball  valve,  which  is  controlled 
by  air  pressure,  in  the  feed  tube  from  the  particle  con- 
tainer to  the  tunnel  allows  remote  activation  of  the  feed. 

In  addition,  a water  flush  system  is  employed  to  allow  the 
particle  injection  system  to  be  cleaned  after  each  facility 
run  and  to  insure  there  is  not  build-up  of  particles  in  the 
container  or  valve  configuration.  The  particle-water  slur- 
ry system  described  previously  is  employed  and  the  particle 
mass  flow  rate  is  determined  with  the  calibrated  cantilever 
beam  balance. 
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FIGURE  24.  erosion-ablation  FACILITY  AND 
ASSOCIATED  CONTROL  PANEL. 
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figure  25.  ELECTROFORMED  DESIGN  NOZZLE  FOR 

EROSION-ABLATION  COMBUSTION  FACILITY. 
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FIGURE  26.  SCHEMATIC  OF  EROSION-ABLATION  COMBUSTION 
FACILITY  PARTICLE  INJECTION  SYSTEM. 


FIGURE  27.  PARTICLE  INJECTION  SYSTEM  INSTALLED  ON 
EROSION-ABLATION  COMBUSTION  FACILITY. 
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SECTION  V 


LASER  DOPPLER  VELOCIMETER 


The  main  components  in  the  Laser  Doppler  Velocimeter 
(LDV)  System  used  in  this  study  can  be  placed  Into  two  cate- 
gories: (1)  the  laser  and  optical  system,  and  (2)  the  signal 
processor.  Although  many  LDV  optical  arrangements  have  been 
used  in  previous  studies,  the  object  of  the  present  approach 
is  to  provide  an  optical  system  where  the  total  angle  between 
the  two  beams  (hence,  the  fringe  spacing)  can  be  easily 
changed.  Signal  processing  techniques  are  areas  of  current 
research.  These  include  spectrum  analyzers  (13),  F-M  de- 
modulators (l4),  and  frequency  trackers  (15).  Frequency 
counters  (16)  are  also  used  and  employ  direct  measurement  of 
the  signals  resulting  from  single  particles  passing  through 
the  fringe  volume.  The  resulting  signal  analysis  is  termed 
burst  processing  or  monitoring  of  the  discontinuous  LDV  sig- 
nal. The  signal  processor  used  in  the  present  study  utiliz- 
es burst  processing  and  is  derived  from  a basic  design  de- 
veloped by  Zammit  (17,  18). 

A number  of  factors  must  be  considered  before  a burst 
processor  LDV  system  can  be  applied  to  a high-speed  flow 
field.  These  include  calibration  procedures,  filter  selec- 
tion, and  the  computer  related  interface  and  software. 

These  topics  are  discussed  in  detail. 


A . LASER 

For  the  present  study,  a five  watt  argon-ion  laser 
operating  on  the  488oS  line  was  used.  The  laser  was  placed 
in  a room  adjacent  to  the  erosion-ablation  facility  with  the 
beam  passing  through  a port  into  the  transmitting  optics. 

The  point  under  examination  in  the  flow  field  was  on  the 
nozzle  centerline  a small  distance  downstream  of  the  nozzle 
exit  plane. 


B.  OPTICAL  ARRANGEMENT 

The  LDV  optical  system  is  shown  in  Figures  28  and  29. 
The  laser  beam  passes  through  a splitter  which  results  in 
two  beams  of  approximately  equal  intensity  which  are  focused 
by  a lens  with  a positive  focal  length  of  11.5  inches.  An- 
other lens  with  a negative  focal  length  is  placed  before  the 
focal  point  of  the  positive  lens.  The  relative  position  be- 
tween the  positive  and  negative  lens  determines  the  total 
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angle  between  the  two  beams.  All  elements  of  the  transmit- 
ting optics  are  fixed  to  optical  benches  so  that  the  relative 
positions  of  the  positive  aind  negative  lens  can  be  easily 
changed  to  yield  the  required  total  beam  angle. 

The  two  beams , after  passing  the  focal  point  in  the 
flow  field,  enter  a callrometer  beam  dump  which  is  moni- 
tored during  operation  of  the  facility.  A beam  splitter  with 
0.25i4  reflectance  is  placed  in  the  transmitting  optics  after 
the  negative  lens  to  form  an  image  of  the  fringe  pattern 
which  can  be  monitored  to  determine  the  fringe  spacing.  A 
microscope  eyepiece  is  placed  near  the  focal  point  of  the 
reflected  beams  and  the  resulting  image  is  displayed  on  a 
viewing  screen. 

The  receiving  optics  are  placed  in  a forward  scatter 
mode.  The  collection  lens  has  a focal  length  of  5.5  inches 
and  is  approximately  12  inches  from  the  focal  point  of  the 
two  beams  in  the  flow  field.  The  collected  light  is  passed 
through  a narrow  band  pass  filter  set  on  the  il88oX  line  and 
is  focused  on  the  cathode  of  an  EMI  62565  photomultiplier 
tube  (PMT). 


C.  AARL  SIGNAL  PROCESSOR 

The  signal  processor  for  the  present  studies  must  be 
capable  of  measuring  particle  velocities  up  to  5 >000  feet/ 
sec.  Therefore,  the  doppler  frequencies  become  very  large 
(90  MHz)  and  pulse  stretching  techniques  must  be  employed 
to  achieve  reasonable  accuracy.  Also,  since  the  particle 
size  varies,  the  velocity  difference  between  successive 
particles  may  be  large,  dictating  the  requirement  for  a 
large  dynamic  range  in  the  measuring  system. 

The  doppler  signal  from  the  photomultiplier  tube  is 
preamplified  and  passes  through  a high  pass  and  low  pass 
filter  network.  The  filtering  is  necessary  to  remove  the 
bias  voltage  caused  by  the  Gaussian  Intensity  in  the  laser 
beam  and  the  square  law  photo  detection.  Zero  crossing  tim- 
ing is  utilized  and  measurement  of  eight  doppler  cycles  re- 
sults in  the  determination  of  the  particle  velocity.  The 
unique  feature  of  this  signal  processor  is  that  time  to  vol- 
tage conversion  is  accomplished  by  Time  to  Amplitude  Height 
Converters  (TAG)  rather  than  by  digital  clock.  The  TAG 
measures  the  time  interval  between  pulses  to  its  start  and 
stop  inputs  and  generates  an  analog  output  voltage  propor- 
tional to  the  measured  time  and  inversely  proportional  to 
velocity.  The  TAG'S  are  free  of  the  Inherent  limitation  of 
clock-based  units  which  have  a minimum  resolution  equal  to 
the  clock  frequency. 


A functional  diagram  of  the  AARL  Signal  Processor  is 
shown  in  Figure  30.  The  input  to  the  processor  is  preampll- 
fled,  filtered,  and  postampllfled  where  the  post  amplifier 
output  goes  to  two  comparators  producing  a square  wave  at 
the  doppler  frequency.  Two  counters  are  used  to  generate 
rectangular  pulses  equal  in  time  to  four  and  eight  doppler 
periods,  respectively.  The  ramp  voltage  from  each  of  the 
TAG'S,  whose  output  is  proportional  to  its  doppler  count 
(4  or  8),  is  differentiated  to  give  a negative  spike  which 
is  used  for  the  start-stop  inputs. 

The  ramp  output  voltage  from  the  eight  period  TAG  is 
read  into  the  high  speed  Sample  & Hold  No.  1.  For  a valid 
data  point,  the  output  voltage  from  the  four  period  TAG 
should  be  half  the  output  of  the  eight  period  TAG.  An  error 
check  circuit  is  used  to  compare  these  outputs  and  only  va- 
lid signals  are  processed.  Seimple  & Hold  No.  2 stores  the 
valid  output,  and  an  interrupt  is  sent  to  the  AARL  computer 
to  indicate  that  data  is  available  for  processing.  The 
AARL  computer  activates  a high-speed  analog  to  digital  con- 
verter to  digitize  Sample  & Hold  No.  2's  output. 

A discriminator  compares  the  incoming  signal  to  a fixed 
bias  level,  thereby  insuring  that  only  preselected  burst 
signal  levels  are  processed,  and  enables  the  comparator  gate 
to  start  the  zero  crossing  timing  when  the  threshold  level 
is  satisfied.  The  TAG'S  are  designed  to  produce  a constant 
voltage  when  signaled  to  stop,  and  a strobe  pulse  is  gener- 
ated to  gate  the  TAG  outputs,  disable  the  discriminator,  and 
reset  the  counters. 

The  AARL  signal  processor  is  mounted  on  two  printed  cir- 
cuit boards.  All  Integrated  circuits  and  the  majority  of  the 
discrete  components  are  mounted  on  Board  No.  1 which  is  shown 
in  Figure  31.  It  consists  of  an  Augut  EGL/TTL  multi-layer 
printed  circuit  board.  The  error  amplifier  and  the  Sample  & 
Holds  No.  1 and  2 are  mounted  on  printed  circuit  Board  No.  2 
as  shown  in  Figure  32.  Both  printed  circuit  boards  are 
housed  in  a Nuclear  Instrumentation  Module  (NIM) , which  is 
Installed  in  an  Ortec  Modular  System  bin  with  common  power 
supplies  (NIMBIN)  as  shown  in  Figure  33. 

A detailed  block  diagram  of  the  signal  processor*  is  giv- 
en in  Figure  34.  The  output  from  the  first  comparator  is  a square  wave 


*Appendlx  A contains  the  pertinent  AARL  Signal  Processor  wir- 
ing diagrams. 

Appendix  B gives  the  parts  list  for  the  processor. 
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FIGURE  31.  SIGNAL  PROCESSOR  PRINTED  CIRCUIT  BOARD  NO.  1. 


FIGURE  33.  ASSEMBLED  SIGNAL  PROCESSOR  IN  NIMBIN 
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FIGURE  31*.  BLOCK  DIAGRAM  OF  SIGNAL  PROCESSOR 


at  the  doppler  frequency.  The  doppler  square  wave  is  then 
fed  to  two  MECL  II  binary  counters  consisting  of  four  Type 
D flip  flops  that  can  be  triggered  at  frequencies  in  excess 
of  170  MHz.  Both  binary  counters  are  reset  at  the  end  of 
each  doppler  burst.  The  first  doppler  period  is  ignored, 
which  Insures  that  the  signal  processor  uses  the  higher  am- 
plitude doppler  signals  near  the  center  of  the  burst.  The 
four  and  eight  counters  start  counting  at  the  second  doppler 
period  with  the  four  counter  ending  at  a count  of  five  and 
the  eight  counter  ending  at  a count  of  nine.  Two  Ortec  457 
time-to-height  converters  (TAG)  are  used  to  convert  the  dop- 
pler four  and  eight  period  counter  outputs  to  a standard 
analog  ramp  voltage.  The  ramp  amplitude  is  directly  propor- 
tional to  the  start-stop  pulse  Inputs,  and  the  gain  of  the 
TAG'S  are  adjusted  so  that  their  output  voltages  will  be  equal  when  the 
four  and  eight  counters  are  at  a count  of  four  and  eight,  respectively. 

A high-speed  discriminator,  which  monitors  the  doppler 
input,  controls  comparator  No.  2.  The  discrimination  level 
is  set  with  a front  panel  adjustment.  When  the  incoming  dop- 
pler signal  exceeds  the  set  bias  level,  comparator  No.  2 sets 
flip  flop  1 enabling  comparator  No.  1 to  pass  the  doppler 
signal.  The  gate  of  comparator  No.  2 is  closed  at  the  end  of 
the  eighth  cycle  by  flip  flop  2,  and  both  counters,  including 
flip  flop  1,  are  reset.  The  signal  processor  will  not  re- 
cycle until  the  eight  cycle  TAG  has  completed  counting.  The 
"not  busy"  signal  from  the  eight  cycle  TAG  opens  the  gate 
on  comparator  No.  2,  allowing  a new  signal  to  be  processed. 

A comparison  of  the  TAC's  output  is  necessary;  that  is, 
twice  the  four  cycle  pulse,  plus  or  minus  some  percentage 
error,  must  be  accepted  by  the  signal  processor  as  equal  to 
an  eight  cycle  pulse.  To  accomplish  this,  the  eight  cycle 
pulse  and  twice  the  negative  of  the  four  cycle  pulse  are  fed 
into  a resistance  divider,  with  the  result  passed  to  an  am- 
plifier with  a gain  of  -A  (Figure  35).  This  error  signal  is 
compared  to  the  8 cycle  TAG  output  pulse  to  obtain  the  rela- 
tive error..  With  a high  TAG  output,  the  error  voltage  may 
also  be  high  since  the  acceptable  percentage  is  constant. 

The  error  signal  is  compared  to  the  8 cycle  TAG  pulse  with 
two  comparators.  One  comparator  uses  the  TAG  output  as  a 
positive  pulse,  and  the  other  comparator  uses  a negative 
TAG  pulse. 

As  an  example,  assume  an  acceptable  error  of  ± 2.5%  in 
the  first  four  cycles.  If  each  cycle  in  time  were  equal  to 
one  volt  of  TAG  output,  then  eight  cycles  would  be  a pulse 
with  an  amplitude  of  eight  volts.  Therefore,  with  an  accep- 
table error  of  + 2,5%,  the  first  TAG  would  be  allowed  to  have 
an  output  of  4.1  volts.  The  output  of  the  resistive  network 
would  be  - 0.2  volts,  and  the  gain  of  the  amplifier  (-A) 
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FIGURE 


35.  SIGNAL  PROCESSOR  ERROR  CIRCUIT 


would  be  set  slightly  less  than  -^0  so  that  the  output  of  the 
amplifier  would  be  + 8"  volts.  The  comparators  give  a true 
output  if  the  terminal  marked  "H"  (Figure  3^)  is  higher  in 
voltage  than  the  remaining  input.  With  8 volts  at  "H"  and 
8“  volts  from  the  output  of  the  amplifier,  the  No.  3 compar- 
ator yields  a true  output.  At  comparator  No.  8~  volts 
compared  to  _8  volts  will  give  a true  output  and  the  signal 
will  be  conditionally  accepted.  If  the  first  four  cycles 
have  an  error  of  -2.5^>  the  first  TAG  will  have  an  output  of 
3.9  volts.  The  input  to  the  amplifier  will  be  +0.2  volts, 
the  output  .S’*"  volts,  and  once  again  the  comparators  will 
give  true  outputs  for  conditional  acceptance.  Note  that  if 
the  four  cycles  were  greater  than  4.1  or  less  than  3-9  volts, 
the  comparators  would  not  have  allowed  an  output  by  not 
switching  on  the  triple  AND  gate  at  their  output.  Also  note 
that  by  adjusting  the  gain  of  the  error  amplifier,  not  only 
is  the  error  in  acceptable  pulse  changed,  but  the  data  rate 
is  changed  by  rejecting  a smaller  or  larger  number  of  dop- 
pler  bursts. 

Acceptance  of  the  signal  is  delayed  to  allow  the  error 
circuit  and  associated  comparators  to  settle.  Comparator 
No.  5 is  triggered  by  the  8 cycle  TAG  pulse,  which  fires  one 
shot  5 and  4 (Figure  34).  After  a delay.  Sample  & Hold  No. 

1 is  signalled  to  sample  the  TAG  output.  One  shot  4 also 
signals  the  triple  input  AND  gate.  After  the  delay,  if  the 
AND  gate  has  the  required  output  from  the  two  error  compara- 
tors, the  AND  gate  triggers  Sample  & Hold  No.  2 via  one  shots 
6 and  7 to  sample  the  signal  from  Scunple  & Hold  No.  1.  Sam- 
ple & Hold  No.  2 has  a relatively  long  hold  time  allowing 
the  output  to  be  read  without  voltage  changes.  One  shot  7, 
which  triggers  the  final  Sample  & Hold,  also  supplies  a sig- 
nal to  the  computer  interrupt  logic  via  a TTL  line  driver. 
This  signal  is  used  to  tell  the  AARL  computer  that  the  sig- 
nal processor  has  an  analog  signal  to  be  digitized.  The  A/D 
converter  can  digitize  an  analog  signal  every  ten  microsec- 
onds, after  which  it  is  processed  and  stored  on  the  AARL 
computer  for  later  use. 

The  waveforms  at  various  points  in  the  processor  are  dis- 
cussed to  illustrate  the  operational  features.  In  this  case, 

2 MHz  and  400  kHz  signals  from  a Wavetek  Model  130  signal 
generator  are  used  to  simulate  the  doppler  signals,  and  sev- 
eral of  the  basic  waveforms  may  be  compared  with  the 
diagram  of  Figure  36.  The  output  of  comparator  No.  1 is 
shown  in  Figure  37  (Figure  36-A),  which  is  the  doppler  sig- 
nal after  the  dicriminator  bias  level  is  satisfied,  while 
the  output  of  comparator  No.  2 Is  shown  in  Figure  38.  The 
waveform  of  the  eight  cycle  counter  is  shown  in  Figure  39 
(Figure  36-B),  and  the  four  cycle  counter  waveform  is  given 
in  Figure  40.  The  differentiated  signal,  shown  in  Figure  41 
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SIGURE  37.  OUTPUT  OP  COMPARATOR  1 (400KHz  SIGNAL) 
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FIGURE  38.  OUTPUT  OF  COMPARATOR  2 (400KHz  SIGNAL) 
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FIGURE  39.  OUTPUT  OF  8 CYCLE  COUNTER  (2  mHz  SIGNAL) 


0.5  ysec/dlv 

FIGURE  1*0.  OUTPUT  OF  CYCLE  COUNTER  (2  mHz  SIGNAL) 


> 

•H 

"O 

> 

6 

o 

LO 


0,5  usec/dlv 

FIGURE  ^1.  DIFFERENTIAL  8 CYCLE  PULSE  (2  mHz  SIGNAL) 
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FIGURE  42.  TAG  OUTPUT  PULSE  (2  mHz  SIGNAL) 
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(Figure  36-0,  is  required  for  the  TAG  start-stop  pulse  pair, 
and  Is  equal  to  eight  doppler  cycles.  The  TAG  output  is  di- 
rectly proportional  in  time  to  the  start-stop  pulse  pair  and 
is  given  in  Figure  42  (Figure  36-D).  The  output  from  compar- 
ator No.  3 and  4 is  shown  in  Figures  43-44,  and  are  the  +8 
cycle  error  and  minus  8 cycle  error,  respectively.  The  out- 
put from  the  error  amplifier  is  shown  in  the  bottom  waveform 
of  Figure  45,  where  the  top  waveform  is  the  LDV  processor 
output  at  400  kHz  (Figure  36-E) . The  waveform  for  Sample  & 
Hold  No.  1 strobe  is  given  in  Figure  46,  whereas  Sample  & 

Hold  No.  1 output  is  shown  in  the  bottom  waveform  of  Figure 
47.  Sample  & Hold  No.  2 in  effect  is  the  processor  output 
and  is  indicated  in  the  top  waveform  of  Figure  4?. 


D.  SPEGIFIGATIONS  AND  OPERATIONAL  GONSIDERATIONS  OF  THE 
AARL  SIGNAL  PROGESSOR 

BASIG  TIMING  ELEMENTS 

ORTEG  #457  Time  to  Amplitude  Gonverters 
Time  ranges  50  psec  to  80  usee  in  15  steps 
External  strobe  capability 

Busy  signal  indicating  total  time  of  conversion 
Positive  and  negative  outputs  (0-10  volts) 

UPPER  FREQUENGY  LIMIT 
100  MHz 

DEAD  TIME 

"v  14  usee  Processing  time  after  acquisition  of 
eight  cycles 

MAXIMUM  DATA  RATE 

100,000  Hz  @ 90  MHz  input  frequency 

OUTPUT  VOLTAGE  RAI'IGE 

0-10  volts  (positive) 

VALID  SIGNAL  OUTPUT  PULSE 

5 volts  adjustable  length  (positive  or  negative 
polarity ) 

INPUT  SIGNAL  VOLTAGE  LEVEL 

200  millivolts  with  preamplifier;  Higher  voltages 
may  be  used  by  reducing  the  gain  of  the  input  am- 
plifier. 
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FIGURE  43.  +8  ERROR  OUTPUT  (’iQO  KHz  SIGNAL) 


FIGURE  ^5.  TOP  WAVEFORM  - PROCESSOR  OUTPUT 

BOTTOM  WAVEFORM  - ERROR  OUTPUT  AMPLIFIER 
(400  kut.  signal) 


10  lisec/div 


FIGURE  46.  SAMPLE  8e  HOLD  NO.  1 STROBE  (400  KHz  SIGNAL) 
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2 volt/div 


10  psec/dlv 


FIGURE  ^7.  TOP  WAVEFORM  - SAMPLE  & HOLD  NO.  2 
(PROCESSOR  OUTPUT) 

BOTTOM  WAVEFORM  - SAMPLE  & HOLD  NO.  1 
OUTPUT  (iJOO  KHi  SIGNAL). 
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APPROXIMATE  PROCESSOR  ACCURACY 
± 2.0:?  @ 50  MHz;  ± 1.0?  @ 


LIMITS 
10  MHz 


The  operational  considerations  of  the  Laser  Doppler  Vel 
ocimeter  System  Involve  calibration  of  the  signal  processor, 
filter  selection,  and  the  computer  Interface  and  software 
In  the  data  acquisition  and  data  reduction  schemes.  These 
and  other  operational  considerations  are  discussed. 


E.  CALIBRATION  OP  THE  AARL  SIGNAL  PROCESSOR 

Calibration  of  all  solid  state  equipment  is  done  before 
each  run,  which  is  turned  on  for  approximately  thirty  min- 
utes before  operation.  The  signal  processor  was  calibrated 
at  1,  2,  5,  and  10  MHz  with  a Tektronlc  Model  180A  Time  Mark 
Generator  accurate  to  ± 100  Hz,  and  a Tektronlc  Model  5^03 
Oscilloscope  equipped  with  a 5B^2  time  base(Figure  48).  The 
discriminator  is  set  below  saturation,  and  both  TAC's  are 
adjusted  so  the  voltage  output  from  the  four  period  TAC  is 
equal  to  the  output  of  the  eight  period  TAC. 


F.  FILTER  SELECTION 

To  remove  the  low  frequency  component  or  pedestal  from 
the  doppler  signal  and  the  noise  outside  of  the  frequency 
band  of  interest,  a network  consisting  of  high  pass  and  low 
pass  filters  is  placed  at  the  input  to  the  signal  processor. 
However,  careful  consideration  should  be  given  to  the  selec- 
tion of  these  filters  to  provide  as  wide  a band  pass  as  pos- 
sible since  the  network  will  usually  limit  the  signal  pro- 
cessor' a dynamic  range. 

The  following  assumptions  (17)  are  made  to  arrive  at  an 
approximate  guide  for  filter  selection: 

(1)  Particle  size  is  less  than  or  equal  to  the  fringe 
spacing; 

(2)  The  crossing  beams  have  equal  Gaussian  intensity 
profiles  and  the  LDV  is  focused  exactly  on  the  prob 
volume ; 

(3)  The  laser  is  operating  in  the  TEM^^  mode. 

Following  the  suggestion  of  Rudd  (19),  the  differential  dop- 
pler LDV  is  formed  when  the  two  crossing  laser  beeims  are 
viewed  as  forming  a set  of  fringes  due  to  the  constructive 
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and  destructive  interference  of  the  planar  wavefronts.  The 
distance  between  these  fringes  is  expressed  as 

A 

^ sinTo/2)  (8) 

As  the  particle  passes  through  the  fringes,  it  will  be  il- 
luminated by  light  varying  in  intensity.  The  detector  rec- 
ords the  passage  as  a biased  sinewave  modulated  by  the  Gaus- 
sian beam  intensity  distribution  and  gives  rise  to  the  low 
frequency  component  or  pedestal. 

The  ^aser  uoppler  Velocimeter  Signal  has  three  compon- 
ents in  the  frequency  domain  (17)  which  are  Gaussian  in 
shape  and  occur  at  w * 0 and  co  » ± oop.  The  output  spectrum 
consists  of  naif  a Gaussian  peak  at  oj  = 0 decreasing  by  a 
factor  of  1/e*  at  w ■ 4v/W  and  a Gaussian  peak  at  with 
1/e*  values  at  lu  ■ uiq  ± 4v/W.  Therefore,  the  condition 
must  hold  tfiat 


W 


V 


> 8 


(9) 


or  oy  equation  ( 8 ) 


m 4 

\ > v ( 10  ) 


To  remove  the  pedestal  voltage  from 
pass  filter  cutoff  frequency  may  be 
(9).  Consideration  of  the  pedestal 
hence,  the  highest  velocity  ( vjj ) to 


4v 


‘"h.p.  ^ 


H 


W 


the  LDV  signal,  the  high 
approximated  by  Equation 
of  highest  frequency  and 
be  measured  yields 


(11) 


The  high  pass  filter  should  also  pass  all  of  the  doppler  sig- 
nal frequencies,  and  therefore  the  lowest  velocity  (v,)  is 
taken  into  account  by 

“H.P.  < <"D  - 

w 

Therefore  for  the  high  pass  filter 
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H.P. 


(13) 


^Vh 

(-^)  < 0) 
w 


(Wt 


W 


The  low  pass  filter,  used  to  filter  out  hiRh  frequency  noise, 
is  chosen  by  the  same  approach  yielding 


4v. 


H, 


W 


(14) 


The  doppler  frequency,  wq,  in  Equations  (13)  and  (14)  may  be 
computed  by  combining  Equations  (8)  through  (lO),  i.e.. 


Pirv 

“d  " d 


(15) 


For  the  present  study,  one-half  of  the  laser  beam  width 
(W)  was  taken  as  132  pn  using  the  4880^  line  of  the  Argon- 
Ion  Laser.  A fringe  spacing,  d,  was  chosen  as  100  pm,  and 
therefore  dictated  that  the  angle  between  the  two  beams  be 
0.28  degrees.  A series  of  calculations  were  performed  util- 
izing Equations  ( 13)  through  (15  ) to  determine  the  high 
pass-low  pass  filter  combinations  that  could  be  used  for  the 
particle  velocities  of  interest. 


Particle 
Velocity 
( ft/sec ) 


High-Pass 

Filter 

(MHz) 


Low-Pass 

Filter 

(MHz) 


2‘jOO  20  70 

5000  7 50 

10000  3 70 


The  filter  combinations,  as  purchased  from  the  manufacturer, 
could  only  be  used  in  these  specific  pairs  and  were  not  in- 
terchangeable. Both  the  high  pass  and  low  pass  filter  com- 
binations were  mounted  on  a table  and  installed  in  the  stand- 
ard 19-inch  rack  in  close  vicinity  to  the  signal  processor 
(Figure  49).  Selection  of  each  filter  combination  is  made 
either  prior  to  the  facility  run  or  during  the  data  acquisi- 
tion mode  by  means  of  a two-tier  rotary  switch. 

A sharp  cutoff  was  desired  in  order  to  obtain  good  dy- 
namic range  and  therefore  a Tchebycheff  (Shape  D)  type  fil- 
ter was  specified  in  addition  to  the  standard  50  impedance. 
There  are  problems  that  do  occur  with  sharp  cutoff  filters, 
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e.g.,  the  filter  may  get  excited  by  noise  or  a discontinuous 
doppler  signal  and  ring  resulting  in  the  doppler  signal  being 
superimposed  on  low  frequency  ringing. 

G.  AARL  COMPUTER  INTERFACE/SOFTWARE 

The  AARL  Signal  Processor  analog  output  is  digitized  by 
a Datel  100  KHz  analog  to  digital  converter  with  a ten  bit 
resolution.  Prior  to  being  sent  to  the  computer  Interrupt 
logic.  Sample  & Hold  No.  2's  clock  pulse  is  sent  to  a SN 

75121  TTL  driver.  The  clock  pulse  is  sent  simultaneously  to 
Sample  & Hold  No.  2 and  the  computer  Interrupt  logic  and  com- 
puter is  alerted  that  the  analog  signal  is  being  held  for  die- 
itizing  (Figure  50). 

The  AARL  Digital  Computer  consists  of  a Harris  6024/5 
with  32K  of  memory  (24  bit  word  size),  and  operates  under  an 
"on-line"  real  time  data  acquisition  system  (20).  After  the 
analog  signal  has  been  digitized  by  the  100  kHz  A/D  convert- 
er and  processed  by  the  AARL  Computer,  the  data  is  spooled 
out  to  the  AARL  450  LPM  printer.  During  the  time  that  the 
analog  signal  is  being  digitized,  all  information  is  being 
stored  on  a 9-track  800  BPI  magnetic  tape  for  later  use. 

The  comparisons  between  the  experimentally  determined 
particle  velocities  as  determined  in  this  study,  and  the  theo- 
retical values  are  presented  in  Section  6.0.  The  data  is 
digitized  by  the  A/D  converter  and  processed  by  the  AARL  Di- 
gital Computer  before  being  spooled  out  to  the  AARL  450  LPM 
printer. 

As  a basic  requirement,  the  instantaneous  velocity  of  the 
particle  is  measured  while  an  image  of  the  doppler  signal  is 
obtained  on  the  Tektronix  Type  555  dual-beam  oscilloscope 
to  determine  particle  size  before  being  filtered. 

In  the  data  acquisition  mode,  the  computer  operator  is 
allowed  to  select  a series  of  acquisition  parameters,  in- 
cluding the  number  of  desired  LDV  acquisition  "windows"  per 
run  and  number  of  LDV  samples  desired.  LDV  data  collection 
is  accomplished  on  a wait-interrupt  basis;  e.g.,  upon  pro- 
cessor output  full  interrupt  is  fired  within  a certain  maxi- 
mum period.  The  Sample  & Hold  No.  2 is  received  by  the  100 
kHz  A/D  converter  and  the  software  resets  to  wait  for  anoth- 
er Interrupt.  However,  it  must  be  noted  that  this  reset 
process  requires  14  visec.  The  interrupt  is  inhibited  dur- 
ing periods  between  LDV  sampling  windows,  at  which  time  par- 
ticle container  weight  is  periodically  sampled  and  displayed 
to  the  operator  via  an  alphanumeric-graphic  CRT  to  provide 
data  on  particle  feed  rates.  These  periods  are  typically 
five  to  ten  seconds  in  length. 
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Following  the  test  run,  the  raw  data  is  stored  on 
magnetic  tape  and  reduction  of  the  data  is  initiated.  Aver- 
age particle  mass  flow  rates  are  calculated  from  the  parti- 
cle container  weight  data  by  forward  differencing  formulas, 
and  hard  copy  plots  of  container  weight  vs.  run  time  are 
prepared. 


Particle  velocity  histograms  for  each  LDV  acquisition 
window  are  then  displayed  to  the  operator  via  the  CRT,  and 
hard-copy  provided.  In  addition,  a standard  statistics 
software  package  is  used  to  provide  information  about  the 
set  of  particle  velocity  samples,  which  usually  number  2000 
for  each  window.  For  example,  the  average  mean  velocity  is 
determined  by 


V 


N 

Z 


(16) 


whereas  the  standard  deviation  of  the  velocity,  a,  is  given 
by 


N _ p 1/2 

Z (Vj-V)‘^ 

o = <v'>  = ^ (17) 

N 


Equations  ( 16). and  ( 17  ) are  based  on  Gaussian  velocity 

distribution  and  therefore,  higher  order  moments  must  be 
used  to  evaluate  the  deviation  of  the  histogram  from  a norm- 
al distribution.  The  deviations  are  usually  expressed  in 
terms  of  skewness  and  kurtosis,  l.e., 


Skewness 


Z (V.-7)^ 

j=i- : 

Na^ 


(18) 


where  0 indicates  a symmetric  distribution  and  a + value 
determines  the  skewness  to  the  right  or  left  of  the  central 
maximum,  respectively.  Kurtosis,  or  sometimes  termed  the 
flatness  coefficient  of  fourth  moment,  is  given  by 

N (V  -V)*^ 

kurtosis  = Z — jj — (19) 

J=1  Na^ 

and  the  value  of  three  corresponds  to  a normal  distribution. 
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SECTION  VI 


TWO-PHASE  FLOW  DIAGNOSTICS 


The  present  study  has  involved  a thorough  investi- 
gation of  the  various  components  of  an  erosion-ablation  fac- 
ility, e.g.,  two-phase  flow  theoretical  analyses,  particle 
injection  systems,  combustion  test  facility  including  a 
specially  designed  and  constructed  nozzle,  and  each  of  the 
necessary  elements  of  the  Laser  Doppler  Velocimeter.  It 
was  intended  to  conclude  the  present  effort  by  operation  of 
the  AARL  Erosion-Ablation  Facility  including  all  of  the  per- 
ipheral components  and  conduct  two-phase  flow  diagnostics. 
However,  the  magnitude  of  this  phase  has  been  reduced  due  to 
time  restrictions  and  this  Section  contains  only  the  prelim- 
inary resutls  of  such  a study. 

A.  TEST  CONDITIONS 

The  AARL  Erosion-Ablation  Facility  was  initially  operat- 
ed using  air  without  particle  injection  to  test  the  integ- 
rity of  the  electrof ormed  nozzle  under  high  pressure.  To- 
tal pressures  up  to  1000  pslg  were  used  and  the  nozzle  per- 
formed as  expected,  i.e.,  no  visible  mechanical  fractures 
and  the  tunnel  was  easily  placed  into  flow  resulting  in  test 
cabin  pressures  of  approximately  7 mm  Hg.  The  next  test  per- 
formed was  use  of  the  H2-alr  combustor  to  obtain  total  tem- 
peratures on  the  order  of  3000°F,  The  combustor  Ignited 
easily  and  the  facility  with  the  aid  of  the  ejectors  was 
placed  into  flow  with  total  conditions  corresponding  to 
Pq  of  250  pslg  and  Tq  of  2000OF.  Higher  values  of  total 
conditions  could  have  been  achieved,  however  because  of  the 
limitations  of  the  water-cooled  jacket  surrounding  the  elec- 
troformed  nozzle,  it  was  decided  to  maintain  these  conditions 
and  Inject  particles  to  test  not  only  the  particle  injection 
system  but  also  Investigate  if  the  signal  level  was  adequate 
for  operation  of  the  AARL  Signal  Processor.  The  results  of 
these  tests  indicated  that  the  particle  injector  system  des- 
cribed earlier  had  functioned  properly,  however  the  signal 
level  was  not  adequate  (200  mv)  for  operation  of  the  AARL 
Signal  Processor.  As  a result,  no  data  corresponding  to  the 
combustion  Pq , Tq  condition  was  obtained.  However,  tests 
were  conducted  for  cold  flow  at  high  pressure  in  which  the 
particle  velocity  and  particle  size  analysis  were  obtained 
by  means  of  the  Tektronic  5^41  Variable  Persistence  Storage 
Oscilloscope . 

Establishment  of  the  optlcl  arrangement  given  in 
Figure  28  results  in  the  fringe  pattern  after  magnification 
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shown  in  Figure  51.  The  0.003-inch  wire  was  placed  in  front 
of  the  eye  piece  to  verify  the  spacing  which  is  approximate- 
ly 87  microns.  This  pattern  was  monitored  during  the  tests 
to  check  alignment  and  also  to  determine  the  effect  of  vi- 
bration from  operation  of  the  facility.  Using  the  Tektronic 
5^^1  Scope,  doppler  traces  of  the  particles  were  obtained 
(Figure  52)  to  determine  both  particle  size  and  velocity. 

B.  PARTICLE  VELOCITY/SIZE  ANALYSIS 

The  particle  velocity  may  be  obtained  from  photographs 
of  the  doppler  traces  by  using  the  known  time  base  of  the 
scope.  However,  the  particle  size  is  found  by  the  visibili- 
ty function,  V,  which  is  defined  as  the  ratio  of  the  AC  to 
DC  components  of  the  observed  scattered  signal,  i.e.. 


V 


^max~^min 

I +I  . 
max  min 


(20) 


where  I is  the  maximum  scattered  intensity  from  a bright 
fringe  ^ * and  Imin  corresponding  minimum  scattered 

intensity  from  the  next  consecutive  dark  fringe.  The 

visibility  function,  as  shown  by  Farmer  (21,  22),  can  be  re- 
duced to  a spherical  particle  diameter/  fringe  spacing  para- 
meter analytically  which  is  expressed  as 


2J^(Trd/6) 

(Trd/6) 


(21) 


where  is  a first-order  Bessel  function  with  argument 
(■nd/6).  As  pointed  out  by  Gleseke,  et  al.  (23),  the  multi- 
nodal  nature  of  V can  lead  to  ambiguous  results,  and  there- 
fore should  not  be  employed  for  values  greater  than  d/6  ''.1.1 

With  the  aid  of  Figure  53,  which  shows  Equation  ( 21) 
an J an  approximation  proposed  by  Gieseke,  et  al.  (23),  dop- 
; .er  signatures  were  evaluated  to  yield  particle  velocities 
«r  1 Jiameters  with  the  results  shown  In  Figure  5^.  The  data 
' ll  "lirurw  for  tnree  total  pressure  conditions  In- 
•!,»  'lozile  ild  exhibit  an  Invlscld  core  and  ac- 
. - » ar*  ; t o velocities  corresponding  to  approx 

a . ane'  .a  *■ . m . iote  that  only  the  predom- 
• • ••«r»  j'B»rve.i,  l.e,,  particle  dlame- 

•> : ••  1 ► : jrr^sponds  to  the 

•I  •r  • a^re  •<)«de  e'.tri  the 


FIGURE  51.  FRINGE  PATTERN  OBTAINED  UTILIZING  PRESENT 

OPTICAL  ARRANGEMENT  (WIRE  DIAMETER  0.003  INCHES). 
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2 Msec/div 


2 psec/dlv 


FIGURE  52.  TYPICAL  DOPPLER  TRACES  OP  PARTICLES 

UTILIZING  PRESENT  OPTICAL  ARRANGEMENT. 
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SECTION  VII 


SUMMARY  AND  CONCLUSIONS 


A systematic  theoretical  study  has  been  conducted  to  in 
vestlgate  the  geometrical  and  fluid  mechanical  parameters 
that  affect  particle  velocities.  It  has  been  found  that  the 
parameter  tan  C/R»  is  the  predominant  factor  and  should  be 
minimized  to  obtain  maximum  particle  velocities.  Also,  the 
present  study  also  Indicates  that  there  is  an  upper  limit 
in  terms  of  nozzle  length  beyond  which  no  appreciable  gain 
in  particle  velocity  is  attained.  Theoretical  studies  of 
both  coupled/uncoupled  two-phase  flow  have  been  conducted 
and  have  shown  that  there  is  a slgniflcauit  effect  when  theo- 
retically considering  coupled  flow  for  particle  loadings  in 
excess  of  10?  for  both  particle  velocity  and  temperature. 
Experimental  studies  were  conducted  on  various  particle  in- 
jection schemes  in  order  to  arrive  at  a system  that  could  be 
accurately  controlled.  A total  of  four  different  methods 
were  examined  to  control  particle  loadings  up  to  10?.  The 
various  particle  injection  techniques  were  evaluated  by  a 
laser  scattering  approach  to  determine  qualitatively  the 
consistency  of  particle  feed  in  addition  to  cantilevered 
beam/straln  gage  arrangement  to  quantitatively  measure  par- 
ticle mass  flow  rate.  The  results  indicate  that  the  use  of 
a slurry  consisting  of  Si02  particles  and  H2O  in  a volume 
ratio  of  1/1  and  use  of  a pressurized  particle  container 
equipped  with  an  orifice  and  mixer  results  in  a particle  in- 
jection system  that  can  be  controlled  and  free  from  clogs 
and  bursts.  Experimental  correlations  have  been  determined 
to  predict  the  particle  mass  flow  rate  as  a function  of  pres 
sure  differential.  An  erosion-ablation  H2-air  combustion 
test  facility  was  constructed  to  obtain  the  necessary  total 
enthalpies  to  simulate  the  ablation  environment  after  a 
theoretical  investigation  and  comparison  of  H2-O2,  H2-alr, 
and  CH4-O2  mixtures  was  accomplished.  The  erosion-ablation 
facility  utilized  an  electroformed  nozzle  with  a total  angle 
of  one  degree  and  length  of  2.86  feet.  The  facility  per- 
formed satisfactorily  Including  the  nozzle  and  particle  in- 
jection system  for  total  pressures  up  to  1000  pslg  and  to- 
tal temperatures  on  the  order  of  2^00OR.  A Laser  Doppler 
Veloclmeter  was  used  with  an  optical  arrangement  which 
yielded  a fringe  spacing  of  87  microns,  a Signal  Processor 
was  assembled  with  time-amplitude  convertors  to  measure 
particle  velocities  and  sizes  for  Si02  whose  particle  dia- 
meters ranged  from  20  to  100  microns.  Although  the  AARL 
Signal  Processor  was  checked  and  found  to  function  properly 
using  a signal  generator  up  to  50  MHz  with  the  appropriate 
filter  network,  no  data  was  taken  due  to  an  insufficient 
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signal  level  (200  mv)  in  addition  to  difficulties  encountered 
with  the  precunpllfler . However,  data  was  taken  by  analyzing 
the  doppler  signatures  resulting  in  particle  velocities  up 
to  approximately  1800  fps  for  a range  of  particle  diameters 
from  80  to  95  microns.  This  result  Indicated  that  the  noz- 
zle did  maintain  the  inviscld  core  and  accelerated  the  par- 
ticles as  predicted  In  the  theoretical  analysis. 
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APPENDIX  A 


AARL  SIGNAL  PROCESSOR  WIRING  DIAGRAMS 


Comparator  No. 


FIGURE  A-2.  signal  PROCESSOR  CIRCUIT  DIAGRAM  AFTER  TAC  ENTRY  - 

SAMPLE  AND  HOLD  NO.’s  1 AND  2 TIMING  (PC  BOARD  NO.  1). 
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AARL  SIGNAL  PROCESSOR  PARTS  LIST 
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AARL  PROCESSOR  PARTS  LIST 


Board  No.  1 


Part 

Device  Number 

Manufacturer 

Function 

I.C. 

I6 

SN72733 

Texas  Inst. 

Amplifier 

I.C. 

17 

MC1650  L 

Motorola 

Comparators 
1 & 2 

I.C. 

I8 

MC1034 

Motorola 

Binaries 
Used  in  the 

I.C. 

19 

MC1034 

Motorola 

^4  and  t2 
Counters 

I.C. 

21 

MCIO34 

Motorola 

I.C. 

22 

MCIO34 

Motorola 

I.C. 

20 

MC1014 

Motorola 

Flip-Flops 

1 & 2 

I.C. 

23 

MCIOI8 

Motorola 

Logic  TranS' 
lator 

I.C. 

6 

SN74121 

Texas  Inst. 

One  Shot  1 

I.C. 

10 

SN74121 

Texas  Inst. 

One  Shot  2 

I.C. 

9 

SN7421 

Texas  Inst. 

AND  Gate 

I.C. 

V 

SN74121 

Texas  Inst. 

One  Shot  8 

I.C. 

8 

SN74121 

Texas  Inst. 

One  Shot  3 

I.C. 

24 

MCIOI7 

Motorola 

Logic  TranS' 
lator 

AD-A053  609 


unclassified 


OHIO  STATE  UNIV  COLUMBUS  AERONAUTICAL  AND  ASTRONAUTI— ETC  F/6  *0/4 
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il6j 

ii6J 

Analog  Devices 

Error 

Amplifier 

I.C. 

11 

MC1710C 

Motorola 

Comparator  3 

I.C. 

12 

MC1710C 

Motorola 

Comparator  4 

I.C. 

3 

SN7^<121 

Texas  Inst. 

One  Shot  7 

I.C. 

4 

SN74121 

Texas  Inst. 

One  Shot  6 

I.C. 

2 

SN7^121 

Texas  Inst. 

One  Shot  4 

I.C. 

1 

SN7^121 

Texas  Inst . 

One  Shot  5 

I.C. 

13 

MC1710 

Motorola 

Comparator  5 

SHM 

2 

SHM  2 

Datel 

Scimple  & Hold 

MP250 

MP250 

Analogic 

Sample  & Hold 

Input  Filters 

Manufacturer  Cutoff  Frequencies  and  Type 

Allen  Avionics  3 MHz  highpass 

20  MHz  highpass 
7 MHz  highpass 
70  MHz  lowpass 
70  MHz  lowpass 
50  MHz  lowpass 
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